The ice-rich south polar layered deposits of Mars were probed with the Mars Advanced Radar for Subsurface and Ionospheric Sounding on the Mars Express orbiter. The radar signals penetrate deep into the deposits (more than 3.7 kilometers). For most of the area, a reflection is detected at a time delay that is consistent with an interface between the deposits and the substrate. The reflected power from this interface indicates minimal attenuation of the signal, suggesting a composition of nearly pure water ice. Maps were generated of the topography of the basal interface and the thickness of the layered deposits. A set of buried depressions is seen within 300 kilometers of the pole. The thickness map shows an asymmetric distribution of the deposits and regions of anomalous thickness. The total volume is estimated to be 1.6 × 10 6 cubic kilometers, which is equivalent to a global water layer approximately 11 meters thick.
The ice-rich south polar layered deposits of Mars were probed with the Mars Advanced Radar for Subsurface and Ionospheric Sounding on the Mars Express orbiter. The radar signals penetrate deep into the deposits (more than 3.7 kilometers). For most of the area, a reflection is detected at a time delay that is consistent with an interface between the deposits and the substrate. The reflected power from this interface indicates minimal attenuation of the signal, suggesting a composition of nearly pure water ice. Maps were generated of the topography of the basal interface and the thickness of the layered deposits. A set of buried depressions is seen within 300 kilometers of the pole. The thickness map shows an asymmetric distribution of the deposits and regions of anomalous thickness. The total volume is estimated to be 1.6 × 10 6 cubic kilometers, which is equivalent to a global water layer approximately 11 meters thick.
T he polar regions of Mars are covered with extensive finely layered deposits that contain a record of climate variations of an unknown time span (1) . Although the precise composition of the deposits is unknown, it is believed that they are predominantly water ice and that they represent the largest known reservoir of H 2 O on the planet (2) . We applied a technique commonly used to study the interior of ice sheets and glaciers on Earth-radar echo sounding-to study the south polar layered deposits (SPLD) of Mars. We report here on observations of the SPLDs by the Mars Advanced Radar for Subsurface and Ionospheric Sounding (MARSIS) instrument on the Mars Express orbiter. The data were used to characterize the electrical properties of the deposits in order to understand their composition, map the topography of the bed of the deposits, and measure the total volume of the SPLD.
Martian PLD were first identified in orbital images obtained by the Mariner and Viking spacecraft (3) (4) (5) (6) . They were noted to consist of dozens of layers of contrasting albedo, with thicknesses down to the resolution of the available images (about 10 m). Higher-resolution images acquired by the Mars Orbital Camera on Mars Global Surveyor (MGS) indicated that the scale of layering extends down to the resolution of that camera; that is, a few meters (7) . Topographic data obtained by the Mars Orbiter Laser Altimeter (MOLA) on MGS showed that the north PLD (NPLD) and the SPLD are similar in gross morphology and thickness (2) . Both the NPLD and SPLD units are roughly domical in shape and about 1000 km across, with maximum relief relative to the surrounding terrain of about 3.5 km. MOLA data were used to estimate the volume of the PLD, which is equivalent to a global layer 16 to 22 m thick (2) . Although the relationship of the layering to climate variations is not well understood, it is believed that the rhythmic nature of the deposits is related to oscillations in Mars' orbital parameters (8) . The albedo variations among layers are thought to be caused by varying mixtures of ice and dust. The mixing ratio of ice and dust cannot be precisely measured from optical data, but it has been shown that only a small fraction (<10%) of dust is needed to lower the albedo of pure ice to the observed levels (9) .
MARSIS is a multifrequency syntheticaperture orbital sounding radar (10) . In its subsurface modes, MARSIS operates in frequency bands between 1.3 and 5.5 MHz, with a 1-MHz instantaneous bandwidth that provides free-space range resolution of approximately 150 m. Lateral spatial resolution is 10 to 30 km in the cross-track direction; and the along-track footprint, narrowed by onboard synthetic-aperture processing, is 5 to 10 km. Processing includes a correction for phase distortion and delay in the ionosphere (11) . We report here on data collected during the southern hemisphere nightside campaign of Mars Express between November 2005 and April 2006. Data were collected during more than 300 orbits, with MARSIS primarily operating in a twofrequency mode using bands centered on 3.0, 4.0, or 5.0 MHz.
The NPLD were observed previously by MARSIS during two orbits in June 2005 (11) . The MARSIS signals appeared to penetrate to the base of the deposit, which was estimated to be 1.8 km deep in the thickest area observed, near the periphery of the deposits. The very low attenuation of the MARSIS signals in the NPLD materials suggests that they contain only a few percent dust mixed with pure water ice. The basal interface was seen to remain essentially horizontal beneath the NPLD, showing that flexural downwarping due to the load does not exceed the estimated detection limit of several hundred meters and implying a thick lithosphere in that region of the planet (11) .
In a typical MARSIS observation over the SPLD (Fig. 1) , the echo from the surface splits into two continuous traces as the spacecraft passes over the margin of the deposits. The surface trace follows a profile expected from MOLA topography. The bright lower trace occurs at a time delay consistent with a continuation of the surrounding surface topography beneath the SPLD, assuming a nominal value of the refractive index of water ice. The lower interface is interpreted as the boundary between the base of the ice-rich SPLD materials and the predominantly lithic substrate. The interface is detected beneath most of the SPLD, although in places it becomes discontinuous, indistinct, or absent. It is generally lower in backscatter intensity than the surface above it, but in places it appears equivalent to or brighter than the surface echo. Propagation of the signal in the SPLD medium can be described with a simple two-layer homogeneous model, using reflection and absorption coefficients that are appropriate for materials expected on Mars. As in the case of the NPLD (11), the strong return from the basal interface indicates very low attenuation values within the SPLD. If the material is assumed to be "dirty" water ice overlying a basaltic substrate, effective loss tangent values between 0.001 and 0.005 are obtained for the SPLD material (12) . This corresponds to water ice with a dust contamination of 0 to 10% (13) . The general behavior of the surface and subsurface echoes over most of the SPLD is consistent with a composition of water ice that is relatively free of impurities, overlying a typical Martian regolith and crust.
An extended area of unexpectedly bright basal reflections occurs in an area between the thickest part of the SPLD (~3.7 km) and the nearby SPLD margin, from 310°to 0°east longitude (Fig. 1) . The returns are often brighter than the surface return, which is not expected for propagation through a lossy medium. Although a strong contrast in dielectric constant at the base may be responsible, we deem it highly unlikely that liquid water [from basal melting (14) ] causes the bright return, because it occurs below thin (as well as thick) sections of the SPLD that are among the coldest places on the surface of Mars. The low attenuation is consistent with very low temperatures throughout the ice, further arguing against basal melting. Nevertheless, we cannot completely rule out unusual geothermal conditions or an exotic composition of the substrate in these anomalously bright areas.
A pattern of banding commonly occurs between the surface and basal interface traces in MARSIS radargrams of the SPLD (Fig. 1) . The banding consists of bright continuous reflectors, sometimes hundreds of kilometers long, alternating with lower-backscatter bands. The banding is certainly related to the layered structure of the SPLD, possibly due to contrasts in dust content or density, but the precise mechanism that creates the bands is unknown. The position and brightness of the bands sometimes vary with the frequency of the MARSIS observation, suggesting that the bands may be due to interference effects that depend on the relative scales of the radar wavelength and the internal layering of the SPLD.
Detection of the basal interface below most of the SPLD allows us to generate a map of the topography of this interface and to provide new estimates of the thickness and volume of the SPLD. The methodology used is as follows: The time delay was measured between the peak of the surface reflection and the peak of the last bright continuous reflector, which is assumed to be the basal interface. Over 1800 points from 60 high-quality MARSIS orbits were used. The orbits were chosen to provide coverage that was sufficiently dense to generate medium-resolution maps of basal topography and SPLD thickness. Data from two frequencies were evaluated for most points. All points were verified to be actual subsurface reflectors and not surface "clutter," using simulations of surface echoes based on MOLA topography (11) . The vertical resolution of the data used was about 100 m in ice, with an estimated uncertainty on a given measurement less than 200 m. To convert time delay to depth, we used the refractive index of pure ice with a real dielectric constant of 3. We could reasonably expect this estimate to be off by ±0.5, which translates into an additional error in our depth estimate of somewhat less than 10%. Figure 2 shows a map of the locations of the measured points.
To obtain a map of the basal interface, the MARSIS measured elevations of the interface were combined with MOLA elevations along the margin of the SPLD unit as mapped by (15), where the thickness of the unit is considered to be zero. The results of a "naturalneighbor" interpolation (16, 17) of these data are shown in Fig. 3 . The map of the sub-SPLD topography is generally consistent with that expected from simple interpolation of MOLA data from the margins of the unit (18). The surface is typically low in relief, with broad areas of higher and lower topography. A pronounced low area is seen near the SPLD margin around 72°to 74°S, 130°to 145°E, and elevated regions within the remnant Prometheus impact basin are seen to continue below the SPLD at 78°to 82°S, 100°to 130°E, and from 70°to 90°E poleward of about 83°S. An unexpected feature of the basal topography is a series of depressions at the highest latitudes (84°to 87°S). These occur discontinuously from longitudes 95°to 295°E. The depressions range in width from 50 to 200 km and reach a depth as much as 1 km below the surrounding sub-SPLD topography. The basal reflection within the depressions is typically dimmer than under the rest of the SPLD. This fact and the position of the depressions in the near-polar areas suggest that there may be processes unique to this sub-SPLD area. The depressions may be the result of differential compaction of megaregolith in response to the SPLD load. Alternatively, they may be a group of buried impact craters or other preexisting topography such as the~1-km-deep pits ("Cavi") in the nearby plains. On a regional scale, the basal interface is relatively flat. The lack of evidence of regional downwarping in response to the SPLD load suggests that the elastic lithosphere in the south polar region is very thick (>150 km), as was inferred for the north polar region (11) .
A thickness map of the SPLD was generated by subtracting the elevations of the interpolated basal topography from the high-resolution MOLA surface topography (Fig. 4) . The distribution of SPLD thickness reflects the asymmetry of the south polar geology, with the thickest portions offset from the pole near 0°E longitude and the much more areally extensive but thinner portion centered near 180°E. The newly discovered near-polar depressions show clearly as anomalously thick areas, as do several of the distal lobes. The maximum measured thickness is 3.7 ± 0.4 km, under the highest elevations of the SPLD near 0°E. Our estimate of the integrated volume of the entire SPLD is 1.6 ± 0.2 × 10 6 km 3 (19). This translates to an equivalent global water layer thickness of 11 ± 1.4 m (assuming an SPLD composition of nearly pure ice) and is within the range estimated by previous workers using MOLA data alone (2, 18, 20) . Knowledge of the basal topography now allows us to estimate the volume with a much smaller range of uncertainty. MARSIS data do not allow us to distinguish a component of CO 2 ice in the SPLD material, but there is no corroborative evidence for such a component. Spectral and albedo observations of the surface of the SPLD indicate an optically thick lag of dust or rocky material, but this layer is "optically" thin at MARSIS wavelengths. Similarly, MARSIS detects no difference in surface or subsurface echoes from areas covered by the residual ("perennial") CO 2 -rich ice unit, which is consistent with recent analyses indicating that it is a deposit no more than a few tens of meters thick (21, 22). Fig. 4 . Map of the SPLD thickness, based on MARSIS measurements and MOLA surface topography. An anomalous thick section appears at lower right (see A in Fig. 3 ). The thickest areas occur beneath the highest elevations of the SPLD (red areas near the top) and in association with the nearpolar depressions (see C in Fig. 3 ). 
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Synchronized Oscillation in Coupled Nanomechanical Oscillators
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We report measurements of synchronization in two nanomechanical beam oscillators coupled by a mechanical element. We charted multiple regions of frequency entrainment or synchronization by their corresponding Arnold's tongue diagrams as the oscillator was driven at subharmonic and rational commensurate frequencies. Demonstration of multiple synchronized regions could be fundamentally important to neurocomputing with mechanical oscillator networks and nanomechanical signal processing for microwave communication.
T he concept of synchronized oscillation in coupled systems is pervasive in both nature (1) and human physiology (2) . Examples of synchronization include rhythmic blinking of fireflies (3), the activity of pacemaker cells in the sinoatrial node of a human heart (4), and the spin-orbit resonance of the planet Mercury (5). In physical systems, synchronization has been studied for over three centuries, starting with Huygens' discovery of the phenomenon in two coupled pendulum clocks (6) and leading to modern-day experiments on coherent radiation in coupled spin-torque nano-oscillators (7, 8) and parametric resonance in mechanical oscillators (9, 10) .
Frequency entrainment, a class of synchronization, of coupled micro-and nanomechanical oscillators is of fundamental and technical interest. A two-oscillator system demonstrates inherently rich linear and nonlinear dynamics, which contrast with its deceptive simplicity (1, 11) . After the historical observation of synchronization of two pendulum clocks by Huygens, Appleton (12) and van der Pol (13) showed that the frequency of a triode generator can be entrained, or synchronized, to an external drive; their work was motivated by the potential application in radio communication. The first systematic studies of synchronization in biological systems (and, in particular, human physiology) started with Peskin's attempt to model selfsynchronization of cardiac pacemaker cells to understand the generation of a heartbeat (4). In biological neurocomputing, neural networks show rhythmic behavior, exemplified in many Plots of induced power (P induced ) as a response of P drive at 5 T. P induced is a measure of the resonant displacement, and P drive corresponds to the driving force. From the log-log plot of driving force versus displacement, we calculate the effective linear-response spring constants k eff = 712 and 797 N/m for modes 1 and 2, respectively. Dx, the central displacement of the beam. See SOM for technical details.
